The effect of using different electrolytes in the physical and optical properties of porous silicon was studied. To do this porous silicon (PS) samples photoluminescent in the visible range from (100) oriented n-type crystalline silicon prepared by anodic etching were obtained. The first electrolyte was composed of a mixture of hydrofluoric acid (HF) and ethanol (CH 3 -CH 2 -OH) in a ratio of 1 : 2, respectively. The second was composed of hydrofluoric acid (HF), ethanol (CH 3 -CH 2 -OH), and hydrogen peroxide (H 2 O 2 ) in a ratio of 1 : 1 : 2, respectively. Raman scattering, photoluminescence (PL), gravimetry, scanning electron microscopy (SEM), and energy dispersive spectrometer (EDS) measurements on the PSL were carried out. Raman scattering showed that the disorder in the samples obtained with H 2 O 2 is greater than in the samples obtained without this. The PL from PS increased in intensity with the incremental change in the anodization time and showed a blueshift. The blueshift of PL is consistent with the reduction in size of the silicon nanocrystallites. The sizes of nanocrystals were estimated to be 3.08, 2.6, and 2.28 nm. The gravimetric analysis showed that the porosity increased with the incorporation of H 2 O 2 . SEM images (morphological analysis) showed an incremental change in the quantity and in the porous size.
Introduction
With the discovery of light emission from porous silicon (PS) made by Canham [1] , the possibility of the use of silicon as an efficient light source became attractive due to the potential applications in optoelectronics [2] and electroluminescent devices [3] , because this source would be compatible with the existing manufacturing infrastructure for ultra-large-scaleintegrated circuits. The PS is a form of silicon prepared by anodic etching of crystalline silicon (c-Si). There have been a few changes in the electrolytes used to obtain PS. Some works report the use of hydrogen peroxide in obtaining of luminescent samples of PS [2] . The observation of intense photoluminescence (PL) from PS has been studied because of the large blueshift of the observed radiations with respect to the bulk silicon band-gap energy. It has been proposed that the quantum confinement in crystallites [4] or wires [5] is at the origin of the luminescence in the visible range. There are many hypotheses to explain the origin of the photoluminescence. Some of these theories involve siloxenes [6] , polysilanes, or hydrides [7] on the surface of PS. Another suggestion is that the dominant luminescent material is amorphous in nature [8] . The quantum confinement interpretation of the luminescence of PS is supported by the evolution of the luminescence intensity and peak position with anodic oxidation [9, 10] which could lead to a progressive reduction in nanostructure sizes. The confinement model also seems to be consistent with structural characterizations. From a theoretical point of view, many works have shown that confinement in wires [4] or dots [11] with typical sizes 2 Journal of Nanomaterials under 6 nm could explain the important blueshift of the luminescence compared to bulk silicon. The lifetime of the luminescence and the decay mechanism of the luminescence are unclear. The influence of defects, in particular surface defects, on the luminescence needs to be studied. By defects, we mean the way the etched surface of the silicon wafer is changed due to the inclusion of hydrogen peroxide in the electrolyte. In this work, PS samples were prepared by anodic etching of (100) oriented n-type c-Si and the effect of two kinds of electrolytes in obtaining porous silicon layers (PSL) was analyzed. The first electrolyte was composed of a mixture of hydrofluoric acid (HF) and ethanol (CH 3 -CH 2 -OH) in a ratio of 1 : 2, respectively, and the second was composed of HF, ethanol, and H 2 O 2 in a ratio of 1 : 1 : 2, respectively.
Experimental Details
Phosphorous doped n-type (100) oriented c-Si having a resistivity of 1-5 Ω cm was used to prepare PS. The samples were obtained by the conventional anodization method [12] with different electrolytes and under a constant current density of 35 mA/cm 2 . The c-Si wafers were illuminated with UV light during the anodization process in order to create electronhole pairs that are necessary to carry out the electrochemical attack. The conditions for the PS preparation employed in the present study are summarized in Table 1 .
The first electrolyte was composed to a mixture of hydrofluoric acid (HF; Merck) (40%) and ethanol (CH 3 -CH 2 -OH; J. T. Baker) (99.98%) in a ratio of 1 : 2, respectively, and the second was composed by a mixture of hydrofluoric acid (HF) (40%), ethanol (CH 3 -CH 2 -OH) (99.98%), and hydrogen peroxide (H 2 O 2 ; J. T. Baker) (30%) in a ratio of 1 : 1 : 2, respectively. After the PS samples were obtained a laser with a wavelength of 405 nm and 40 mW of power was used to excite the sample in the PL measurements. The range detected by the monochromator was from 400 to 1100 nm. The thickness and porosity of the PSL was estimated by gravimetry. The structural characterization was obtained by micro-Raman in a Dilor Labram spectrometer, with a He-Ne (632 nm) laser and using a 50x objective. The diameter of the laser beam spot at the focus plane is =1 m. A Philips brand XL30ESEM microscope was used to obtain surface morphology studies of the PSL. The chemical composition was obtained from the Energy Dispersive Spectrometer (EDS) coupled at system SEM.
Results and Discussion

Thickness and Porosity Obtained by Gravimetry.
The thickness and the porosity of the PSL were estimated by gravimetry. In this process the porous layer was removed using a sodium hydroxide (99.95%) and deionized water solution in a ratio of 1 : 100, respectively, in which the PS was immersed, and the porous layer is removed during contact with this solution. The porosity was calculated by means of the following equation [13] :
where 1 is the mass of the wafer of c-Si before the attack, 2 is the mass of the wafer after the anodization, and 3 is the mass of the same wafer after removing the PSL. The thickness of the PSL was obtained by the expression [13]
where is the density of the c-Si (in g/cm 3 ) and is the attacked surface during the anodization (in cm
2 ). Table 2 shows the results obtained by gravimetry. The gravimetric results showed an increase in the porosity of the samples that were obtained with hydrogen peroxide in the starting solution (M3, M4). In relation to the thickness of the porous layer, we can observe that an increase in porosity occurs. This behavior indicates that the hydrogen peroxide promotes the attack on crystalline silicon wafer and this attack takes place preferentially at the edges of the pores, which will be reflected in the increase of the pore diameter as we can see in the SEM images. Figure 1 shows Raman spectra from longitudinal optic (LO) phonon for all samples of PS in the range from 490 to 530 cm −1 . In these spectra we can see the LO mode of c-Si (512 cm −1 ). Since c-Si is (100) cut, LO mode is allowed and transversal optic (TO) mode is forbidden. It is to be noted that the LO mode of PS broadens (503-518 cm −1 ), becoming asymmetric in comparison with that of c-Si (508-515 cm −1 ). Si nanocrystallites relax the wavevector selection rule, which causes the Raman spectrum to broaden and become asymmetric [14] .
Raman Modes Analysis.
Right inset in the Figure 1 shows the Raman spectra for PS samples in the range of 900-1000 cm −1 . M3 and M4 samples show a peak around 930 cm −1 which is due to disorder induced 2TO phonon overtones [15] . This mode arises due to the disorder present around the pores, and the disorder is formed during the anodization process. During the anodization, the attack process results in a layer of disordered (a-Si) around the pore, as will be seen in the SEM images. The possible disordered silicon layer would result in TO as well as 2TO mode appearance (930 cm −1 ). With the incorporation of hydrogen peroxide in the electrolyte, the disorder in the PSL increases and hence the 2TO mode intensity increases (930 cm −1 ). M1 and M2 samples barely show this mode since the rate of disorder is less than the samples obtained with hydrogen peroxide. In other words, the peroxide generates or promotes the formation of disorder in the PSL. Left inset in Figure 1 shows the Raman spectra for PS samples from 270 to 320 cm −1 . M3 and M4 show a broad peak around 290 cm −1 . This peak arises due to the defect induced transverse acoustic phonon of c-Si [16] . This mode barely can be seen in M1 and M2 samples. This is consistent with our suggestion that the disordered silicon layer arises with the incorporation of hydrogen peroxide. Figure 2 shows the photoluminescence spectra of the PS samples. M1 and M2 samples had the higher photoluminescence intensities and also show an increase in the PL intensity with the increment in the anodization time. This increase is due to the formation of silicon nanocrystals present in the porous layer [17] . The main emission is centered around the 645 nm, which is the PS characteristic emission and can be related to the presence of silicon nanocrystals in the porous layer [17] . M2 shows very few contributions around the 578 and 533 nm. These emissions can be related to the thinning of the silicon nanocrystals due to the higher anodization time, which modifies the emission energy [18] . M3 and M4 samples show the lower PL intensities. The principal peak has a shift from the 645 to the 578 nm. This shift can be caused by the formation of nonradiative recombination centers which are around the pores and is due to the hydrogen peroxide in the electrolyte. Moreover we can see that the contribution around 533 nm barely shows change and it takes importance, since it is almost equal in intensity to the emission centered at 578 nm. These results suggest that the peroxide promotes the attack in the edges of the pores and thus is reflected in a thinning in the silicon nanocrystals, which originates the shift to low wavelengths. Starting with the PL spectra the nc-Si size can be obtained. This parameter gives information about the changes that take place in the porous layer. For determining the approximate nc-Si size, the energy emission was related to the diameter of nc-Si [15, 19] through ( (nm) = 1.24 = 1.24 (1.12 + 3.73/ 1.39 ) ) ,
Photoluminescence in PS.
where is the diameter of the nc-Si, is the energy associated to the nc-Si, and (nm) is the wavelength of emission of the nc-Si. These theoretical values show a good approximation as Delerue et al. demonstrated [20] . Table 3 shows the results obtained by (3) . The results show that the nc-Si size decreases with the anodization time for all samples, and we can see this in the PL spectra as a blueshift. For the M3 and M4 samples this shift is evident and is attributed to the change in the nc-Si size [17, 18] . This change in the size is attributed to the hydrogen peroxide present in electrolyte and the anodization time.
Microstructure of PS from SEM.
Scanning electron microscopy (SEM) images, Figure 3 , show that in the M1 and M2 samples, the quantity and the pore size are bigger with the increase in the anodization time. With the increase of the quantity and porous size the PL presents a blueshift. This is related to the thinning of the nc-Si as we explained in the PL analysis, but it also can relate this shift to the electrolyte and the anodization time. For example, the M3 and M4 samples show an increase in the PL intensity as a function of the anodization time. This is related to the quantity of nc-Si present in the porous layer; besides, we can see the blueshift with the increment in the quantity and pore size, and this is clear in the change that present the emission centered at 645 nm, which pass to the 578 nm. Taking in consideration the nc-Si size calculated through PL spectra, we can reach the conclusion that the pores with the larger diameters contain the smaller nc-Si sizes. On the other hand, the samples obtained with hydrogen peroxide show the bigger pore diameters. This is indicative that the peroxide promotes the etching in the edges of the pores as can be seen in the SEM images and is reflected as an increased amount of disorder around pores as the Raman spectra demonstrated. Table 4 shows the pore size as a function of the electrolyte. This disorder also can produce nonradiative recombination centers, which is the reason that the samples obtained with hydrogen peroxide in the electrolyte show the lower PL intensities. The chemical composition was obtained from the Energy Dispersive Spectrometer (EDS) spectrum, Table 5 . M1 and M2 samples show an increase in the quantity of oxygen with the change in the anodization time, which can relate to the presence of oxygen with the PL intensity. The oxidation (presence of oxygen) favors the confinement of the nc-Si and this is reflected as an increase in the PL intensity. M3 and M4 samples show a quantity of oxygen that remains almost constant. In this case, the differences among the intensities are given by the quantity of nc-Si present in the porous layer. M4 sample has a larger amount due to the anodization time.
Conclusions
Samples obtained with the ratio 1 : 2 in the electrolyte show the higher PL intensities and the smaller pore sizes, which shows that the nc-Si in these pores have a bigger probability of PL emission. Raman spectra and SEM images showed that the rate of disorder increases when the pore diameter is bigger. The morphological analysis showed that the incorporation of H 2 O 2 in the electrolyte increased the pore diameter. This is an important result for applications which need a big pore diameter, such as introducing molecules or medicines in the pores. Through the analysis of the PL we can see that the electrolyte with H 2 O 2 promotes the thinning of the filaments and a lowering of the PL intensity. 
